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a b s t r a c t
In Brome mosaic virus, it was hypothesized that a physical interaction between viral replicase and capsid
protein (CP) is obligatory to confer genome packaging speciﬁcity. Here we tested this hypothesis by
employing Bimolecular Fluorescent Complementation (BiFC) as a tool for evaluating protein–protein
interactions in living cells. The efﬁcacy of BiFC was validated by a known interaction between replicase
protein 1a (p1a) and protein 2a (p2a) at the endoplasmic reticulum (ER) site of viral replication.
Additionally, co-expression in planta of a bona ﬁde pair of interacting protein partners of p1a and p2a
had resulted in the assembly of a functional replicase. Subsequent BiFC assays in conjunction with
mCherry labeled ER as a ﬂuorescent cellular marker revealed that CP physically interacts with p2a, but
not p1a, and this CP:p2a interaction occurs at the cytoplasmic phase of the ER. The signiﬁcance of the
CP:p2a interaction in BMV replication and genome packaging is discussed.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The biological function of a given protein is determined by
the formation of stable or transient protein complexes and net-
works. Consequently, disruption of protein complex formation or
network leads to abnormal development of the host or may lead to
disease induction. Thus, evaluation and identiﬁcation of protein–
protein interactions (PPI) often provide novel insight into their
regulatory function in several signaling processes. Techniques such
Yeast Two-Hybrid (YTH), Fluorescence Resonance Energy Transfer
(FRET) and co-immuno precipitation (Co-IP) are frequently used
for evaluating PPI (Khan et al., 2011). YTH analyses have provided
invaluable information about interacting proteins in stable or
transient complex formation, but an inherent disadvantage of
YTH is that a large number of interactions are predicted to be
false positives. Although FRET is ideal for visualizing PPI in real
time, determination of protein interactions by FRET requires ratio-
metric image analysis to subtract background signals. Despite their
usefulness, YTH and FRET do not monitor the dynamics of
interaction and localization in vivo in real time. This information
is necessary in order to understand protein function at the cellular,
tissue and organism levels. In recent years, the Bimolecular
Fluorescent Complementation assay (Citovsky et al., 2006;
Kerppola, 2008) has gained momentum in evaluating PPI in vivo.
When combined with ﬂuorescently labeled cellular marker
proteins, BiFC offers the advantage of precisely determining the
subcellular localization of PPI. Availability of vectors amenable for
engineering fusion proteins followed by their expression in planta
(Citovsky et al., 2006) is particularly attractive for testing PPI in
plant viruses.
Brome mosaic virus (BMV) is the type of species of the genus
Bromovirus (King et al., 2011), and belongs to the Bromoviridae family
of plant viruses. The genome of BMV is divided among three RNA
components. Viral replication is dependent on two non-structural
proteins, p1a (containing an RNA-helicase-like domain and a capping
domain) and p2a (containing a polymerase domain) encoded respec-
tively by genomic RNAs 1 and 2 (Ahlquist, 2006). Genomic RNA3 is
dicistronic, encoding a non-structural movement protein (MP) and
the capsid protein (CP) which is expressed via a subgenomic RNA
(RNA4) produced during replication (Ahlquist, 2006). Replication of
BMV has been studied in detail at the molecular and subcellular level
using natural plant hosts (Bamunusinghe et al., 2011; Kao and
Sivakumaran, 2000) and non-host, surrogate yeast system (Ahlquist,
2006).
Macromolecular interactions (e.g. PPI, protein–RNA interac-
tions) have been shown to be intimately involved in the establish-
ment of a successful infection by an RNA viral pathogen (Hunter,
1994; Kujala et al., 2001). Although virus-encoded proteins are
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envisioned to perform a speciﬁc function (e.g. viral replicase in
catalyzing the synthesis of progeny RNA), accumulated information
over the past two decades revealed otherwise (Laliberte and Sanfacon,
2010). For example, in addition to synthesizing viral progeny RNA, viral
replicases have been shown to be intimately associated with many
important functions such as RNA silencing (Ding et al., 2004),
symptom modulation and movement (Creager et al., 1999), genome
packaging and translation (Sanz et al., 2007). Another important
multifunctional macromolecular entity is the CP. The primary function
of the CP is to encapsidate the infectious genome progeny and form
stable virions (Rao, 2006). Several factors such as CP–CP interactions,
sequence-independent RNA–protein interactions (involved in stabili-
zation of encapsidated virions), sequence-dependent RNA–protein
interactions (origin of assembly sequences), auxiliary factors such as
cellular tRNAs, viral replicase and scaffolding protein contribute to the
assembly of infectious virions (Rao, 2006). Experimental evidence
suggested that packaging speciﬁcity in BMV and Flock house virus
(FHV) is regulated not only by synchronized co-expression of homo-
logous replicase and CP, but also the translation of CP from replication
derived mRNA (Rao, 2006). In addition, we for BMV (Bamunusinghe
et al., 2011) and others for FHV (Venter et al., 2009) showed that the
subcellular localization sites of CP and replication overlap. Subsequent
follow up studies further revealed that, in FHV, a physical interaction
between replicase and CP is obligatory to confer packaging speciﬁcity
(Seo et al., 2012). However, in BMV, unlike FHV, functional replicase is
a complex of two non-structural proteins, p1a and p2a (Kao and
Sivakumaran, 2000). If packaging speciﬁcity in BMV, like in FHV,
requires a replicase–CP interaction, the question that needs to be
addressed would be: which of the two proteins interact with CP? Thus,
to ﬁnd an answer to this question, in the present investigation,
we opted to employ BiFC in conjunction with endoplasmic reticulum
(ER) labeled with mCherry as a cellular marker protein. Our results
Fig. 1. Visualizing ER rearrangement by confocal microscopy using mCherry labeled ER marker protein. N. benthamiana plants were agroinﬁltrated (A) with a binary
construct of ER-mCherry or (B) with a mixture containing binary constructs of all three wild type BMV RNA and ER-mCherry or (C) with ER-mCherry at 1 day post-
mechanical inoculation with puriﬁed BMV virions. At 4 dpi, inﬁltrated leaves were stained with DAPI as a nuclear marker and observed under a confocal microscope
equipped with a speciﬁc laser/ﬁlter combination to detect blue ﬂuorescence emitted by DAPI (excitation at 345 nm) and red ﬂuorescence emitted by mCherry (excitation at
587 nm). Insets (A–C): a magniﬁed view of ER localization in the peri-nuclear area, Bar, 50 μm. In panels B and C, arrows indicate rearranged ER.
Fig. 2. Schematic representation of ﬂuorescent protein fusion constructs used in
the present study. Two pairs of basal BiFC binary vectors were used. Constructs
shown in panels A and B were engineered respectively for generating N-terminal
(PZPn-nYFP and PZPn-cYFP) and C-terminal fusions (PZPc-nYFP and PZPc-cYFP).
Open reading frames (ORFs) of BMV p1a, p2a and CP were fused in-frame to each
pair of binary vectors using StuI and SpeI sites. Each binary vector contained in
sequential order, a left border of T-DNA (LB); a double 35S promoter (35Sx2);
a tobacco etch virus (TEV) translation enhancer leader sequence (TL), multiple
cloning site, a fragment of N-terminal 157 residues of yellow ﬂuorescent protein
(nYFP), a fragment of C-terminal 83 residues of YFP (nYFP), six-histidine tag
(Hisx6), a 35S terminator (T35S), and a right border of T-DNA (RB). (C) Four possible
fusion constructs for p1a, p2a and CP tested in this study are shown (Fusion
Proteins).
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underscore a previously undisclosed interaction between BMV repli-
case p2a and CP. This observation when integrated into the existing
data (Annamalai and Rao, 2006; Marsh et al., 1991; Yi et al., 2009a)
provides insight to explain how the interaction between these two
macromolecules regulates the overall replication and packaging
in BMV.
Results and discussion
Live cell visualization of ER rearrangement in BMV infected plants
In plants, as a part of the endomembrane system, all ER mem-
branes (rough ER, smooth ER, and nuclear envelopes) are physically
linked and enclose a single, continuous lumen that extends beyond
the boundaries of individual cells via the plasmodesmata (PD)
(Staehelin, 1997). In several plant viral systems, membrane
rearrangements involving ER have been observed (Laliberte and
Sanfacon, 2010). Previous high resolution studies using electron
microscopy revealed that wt BMV infection in Nicotiana benthamiana
leaves is characterized by the accumulation of a large collection of
vesicles derived from the ER. Since sites of viral RNA replication and
CP synthesis overlap (Bamunusinghe et al., 2011), prior to evaluating
PPI in living cells, we sought to compare the morphology of the ER in
non-infected and BMV infected N. benthamiana leaves under a
confocal microscope using mCherry-HDEL (Nelson et al., 2007) as
a ﬂuorescent luminal ER marker (ER-mCherry). For infecting N.
benthamiana plants with wt BMV we used either agroinﬁltration or
mechanical inoculation. Prior to examination under a confocal
microscope, leaves were stained with DAPI to visualize the nucleus.
Results are shown in Fig. 1A–C. In plant cells, the nucleus and ER can
be distinguished based on their appearance. Nuclei are predomi-
nantly globular in appearance, whereas ER forms an extensive net-
work throughout the cytoplasm and surrounding the nucleus.
Fig. 3. Speciﬁcity of BiFC. To test the speciﬁcity of the BiFC assay, binary constructs of either N or C-terminal YFP fusion proteins were transformed into Agrobacterium strain
GV3101 and inﬁltrated into the abaxial side of N. benthamiana in either single or pairwise combinations as indicated on the left and right side of each panel. At 4 dpi, the
reconstituted YFP signal was observed in the epidermal cells using a confocal microscope equipped with a speciﬁc laser/ﬁlter combination to detect YFP (excitation at
514 nm). Subcellular images for yellow ﬂuorescence emitted by YFP and the merged images under the transmitted-light mode are shown. Bar, 15 μm.
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In control samples, DAPI staining speciﬁcally identiﬁed the nucleus as
globular structures emitting blue ﬂuorescence (Fig. 1A). As expected,
red ﬂuorescence emitted by ER-mCherry was uniformly distributed
throughout the cell periphery (Fig. 1A) and perinuclear area
(Fig. 1A; inset). Confocal microscopic analysis of the ER phenotype
in N. benthamiana leaves infected with BMV either via agroinﬁltration
or mechanical inoculation appeared to be identical (Fig. 1B and C). For
example, distinct from control samples (Fig. 1A), in BMV infected
leaves, the distribution of red ﬂuorescence appeared to be compacted,
displaying large red ﬂuorescent punctate bodies (indicated by arrows
in Fig. 1B and C). Since BMV infection modiﬁes ER to induce large
cluster of vesicles (Bamunusinghe et al., 2011), we conclude that
these punctate bodies represent the vesicle collection. Furthermore,
unlike in a surrogate yeast system, the distribution of red ﬂuores-
cence in peri-nuclear area was indistinguishable in BMV infected vs
health plants (Fig. 1A–C, compare insets).
Efﬁcacy of BiFC assay
For evaluating the interaction between replicase proteins (p1a and
p2a) and CP, the N-terminal and C-terminal fragments of YFP were
fused to ORFs of p1a, p2a and CP (Fig. 2A and B), generating a set of
four fusion proteins for each virus-encoded protein under study
(Fig. 2C). Prior to testing the interaction between replicase and CP,
we ﬁrst evaluated the efﬁcacy of BiFC assay. Results shown in Fig. 3
exemplify the speciﬁcity of the BiFC assay. For example, unlike free YFP
that was distributed throughout the cytoplasm (Fig. 3), co-expression
of either a N- or C-terminal fusion of the target protein (e.g. p2a-nYFP
or p2a-cYFP or CP-nYFP) with a counterpart of a non-fused fragment
of YFP (e.g. nYFP or cYFP) in all possible combinations failed to
reconstitute YFP and hence no yellow ﬂuorescence was detected
(Fig. 3). In BMV, p1a and p2a are known to interact to assemble a
functional replicase (Kao and Ahlquist, 1992). Therefore, we applied
Fig. 4. Efﬁcacy of BiFC. A binary construct of ER-mCherry was mixed with binary constructs of N or C-terminal YFP fusion proteins of p1a and p2a in all possible pairwise
combinations and inﬁltrated into N. benthamiana leaves. Prior to visualizing under confocal microcopy, each inﬁltrated leaf was stained with DAPI for visualizing the nucleus
as a subcellular marker organelle. (A) Summary of interactions between p1a and p2a. The presence or absence of yellow ﬂuorescence was indicated by “þ” and ““ symbols,
respectively. (B) Representative confocal images of ﬁve positively interacting bona ﬁde partners of p1a and p2a are shown. The ﬂuorescent signals were observed in the
epidermal cells using the confocal microscope at 4 dpi. Nuclei and ER emit blue and red ﬂuorescence respectively. Bar, 50 μm. (C) Surface plot images for the indicated
samples were generated using Interactive 3-D Surface Plot plugin. The numbers indicate the mean intensity of YFP.
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BiFC to verify such an interaction and to identify a set of bona ﬁde
interacting partners of p1a and p2a fusions. Consequently, four pairs
of nYFP and cYFP terminal fusions of p1a (p1a-nYFPþp1a-cYFP;
p1a-nYFPþcYFP-p1a; nYFP-p1aþp1a-cYFP and nYFP-p1aþcYFP-
p1a) and p2a (p2a-nYFPþp2a-cYFP; p2a-nYFPþcYFP-p2a; nYFP-
p2aþp2a-cYFP and nYFP-p2aþcYFP-p2a) were inﬁltrated into N.
benthamiana leaves and the reconstituted YFP signal was monitored
by confocal microscopy. Results are summarized in Fig. 4A and
representative confocal images are shown in Fig. 4B. Among the eight
possible pairs, a bona ﬁde interaction resulting in the YFP fragment
complementation was observed for ﬁve pairs (Fig. 4A and B; p1a-
nYFPþp2a-cYFP; nYFP-p1aþp2a-cYFP; nYFP-p1aþcYFP-p2a; p1a-
cYFPþp2a-nYFP and cYFP-p1aþp2a-nYFP).
The intensity of YFP emission, relative to negative control, in
each of these ﬁve bona ﬁde interacting partners was measured and
shown in the interactive 3-D surface plot image (Fig. 4C). Among
these ﬁve positive interactions, maximum YFP intensity was
observed for the pair nYFP-p1aþp2a-cYFP while lowest for the
pair cYFP-p1aþp2a-nYFP (Fig. 4C). Previous confocal and electron
microscopy studies performed with surrogate yeast and N.
benthamiana plants showed that BMV replication occurs on ER
(Bamunusinghe et al., 2011). Therefore, to verify the subcellular
localization of p1a:p2a interactions, ﬁve bona ﬁde interacting
partners of p1a and p2a were co-expressed with ER-mCherry.
Results shown in Fig. 4B conﬁrmed the co-localization of p1a:p2a
interactions on ER. Furthermore, as observed with wt BMV
infections (Fig. 1), each p1a:p2a interaction had resulted in the
re-arrangement of ER, and was exempliﬁed by the appearance of
red ﬂuorescent punctate bodies (Fig. 4B). Quantiﬁcation of YFP and
mCherry co-localization (see Materials and methods section)
revealed that majority of YFP emitted by each bona ﬁde interacting
partners co-localized on ER (Fig. 5). Consistent with our recent
high-resolution EM data (Bamunusinghe et al., 2011, 2013), a
closer examination revealed little or no localization of reconsti-
tuted YFP signal around peri-nuclear area. Collectively, these
observations validate the efﬁcacy of BiFC as an ideal tool for not
only evaluating the PPI in vivo, but also the subcellular localization
sites of interactions.
Products of bona ﬁde pair of interacting partners of p1a and p2a are
biologically active
To test the biological activity of ﬁve bona ﬁde interacting fusion
protein partners of p1a:p2a the following experiment was per-
formed. Since synthesis of CP mRNA (i.e. B4) is contingent on the
replication of genomic B3, N. benthamiana plants were co-inﬁltrated
with an agroculture of a biologically active agroconstruct of wild
type B3 (Annamalai and Rao, 2005) and each pair of the bona ﬁde
interacting partners of p1a and p2a. Control plants were inﬁltrated
with cultures of all three wild type BMV agroconstructs. At 4 dpi,
total protein extracts were subjected to Western blot analysis using
anti-CP antibody. Results shown in Fig. 6 conﬁrm that each product
of interaction resulting from all ﬁve bona ﬁde interacting fusion
protein partners of p1a:p2a is biologically active and catalyzes the
complete replication of genomic B3. These observations further
suggest that addition of N- or C- terminal YFP did not impair the
functionality of p1a and p2a. Hence the observed p1a:p2a interac-
tions and their subcellular localization sites are authentic.
Self-interactions in p1a, p2a and CP
Having conﬁrmed the appropriateness of BiFC in evaluating PPI
in vivo, we ﬁrst veriﬁed the self-interaction in the fusion proteins
of p1a, p2a and CP. Four pairs of nYFP and cYFP terminal fusions of
p1a (p1a-nYFPþp1a-cYFP; p1a-nYFPþcYFP-p1a; nYFP-p1aþp1a-
cYFP and nYFP-p1aþcYFP-p1a), p2a (p2a-nYFPþp2a-cYFP;
p2a-nYFPþcYFP-p2a; nYFP-p2aþp2a-cYFP and nYFP-p2aþcYFP-
p2a) and CP (CP-nYFPþCP-cYFP; CP-nYFPþcYFP-CP; nYFP-
CPþCP-cYFP and nYFP-CPþcYFP-CP) were inﬁltrated into N. ben-
thamiana leaves and the reconstituted YFP signal was monitored
by confocal microscopy. Results are summarized in Fig. 7A–C.
Self-interaction was evident for each protein. For p1a, among four
pairs, inﬁltration of three pairs resulted in the reconstitution of
YFP (Fig. 7A), whereas for p2a and CP, two of the four pairs for each
protein resulted in YFP reconstruction (Fig. 7B and C). In each
reconstituted YFP, unlike free YFP (Fig. 3), the subcellular distribu-
tion of YPF signal was distinct. It is interesting to note that among
three positive self-interacting partners of p1a, the pattern of YFP
distribution for nYFP-p1aþcYFP-p1a is distinct from the other two
(Fig. 7A). However, no such variation in the reconstituted YFP
distribution was observed for positive self-interacting partners of
p2a (Fig. 7B) or CP (Fig. 7C).
CP interacts with p2a but not p1a
To verify which of the two replicase proteins interact with CP, we
used two independent assays. In the ﬁrst assay, four fusion proteins
Fig. 5. Co-localization analysis of YFP and mCherry for p1a-p2a interacting
partners. Digital images showing YFP for ﬁve pairs of bona ﬁde interacting
ﬂuorescent protein partners of p1a and p2a and red ﬂuorescence for ER-mCherry
shown in Fig. 4B were analyzed for co-localization as described under Materials
and methods section. A coefﬁcient of 0 means no co-localization while coefﬁcient
of 1 signiﬁes perfect co-localization.
Fig. 6. Biological activity of products of bona ﬁde pair of interacting partners of p1a
ad p2a. A binary construct of wt B3 was mixed with ﬁve pairs of bona ﬁde
interacting partners of p1 and p2a (shown in Fig. 4) and inﬁltrated into
N. benthamiana plants. Plants inﬁltrated with all three wt binary constructs of
BMV RNA served as controls. At 4 dpi, total protein extracts were isolated and
subjected to Western blot analysis using anti-BMV CP antibody. The positions of
marker proteins (M) and monomeric (1 ) and dimeric (2 ) forms of BMV CP are
shown to the left and right, respectively.
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of CP (Fig. 2C) were co-expressed with each fusion protein of either
p1a or p2a in N. benthamiana plants. Following DAPI staining,
inﬁltrated leaf samples were evaluated for YFP complementation
by confocal microscopy. Results are summarized in Fig. 8A and B
and representative confocal images are shown in Fig. 8C. The
absence of any YFP signal in plants inﬁltrated with all four possible
pairs of fusion partners between p1a and CP (Fig. 8B) suggested that
these two proteins do not interact (Fig. 8C). By contrast, among four
pairs of fusion partners of p2a and CP, inﬁltration of two pairs (p2a-
cYFPþnYFP-CP and cYFP-p2aþnYFP-CP) resulted in a detectable
YFP signal (Fig. 8D). Subsequent subcellular localization assays
involving co-expression of two bona ﬁde interacting partners of
p2a and CP in conjunction with ER-mCherry suggested that each
positive interaction between p2a and CP occurs on the ER (Fig. 8D).
In BMV, p1a and CP but not p2a mediate induction of ER
rearrangement (Bamunusinghe et al., 2011, 2013). Thus, It is
important to note that red ﬂuorescent punctate bodies seen in
Fig. 8C are mediated by p1a and CP while those seen in Fig. 8D are
mediated by CP only. 3-D surface plot analysis showed that between
the two positive interacting partners of p2a and CP, maximum
intensity was observed for the pair containing cYFP-p2aþnYFP-CP
(Fig. 8E). Despite weak YFP emission for the pair containing p2a-
cYFPþnYFP-CP, quantiﬁcation of YFP and mCherry co-localization
was almost identical for both pairs of bona ﬁde interacting partners
of p2a–CP (Fig. 8F).
Co-immunoprecipitation assay conﬁrms p2a and CP interaction
In the second assay, co-immunoprecipitation was used to conﬁrm
the interaction of CP with p2a (Fig. 8). Total protein preparations
isolated from N. benthamiana leaves agroinﬁltrated with two pairs of
bona ﬁde interacting partners of CP and p2a YFP fusions (i.e. p2a-
cYFPþnYFP-CP and cYFP-p2aþnYFP-CP) were incubated with either
anti-p2a or anti-CP antibody followed by the precipitation of the
complex with anti-rabbit agrose beads. Western blotting with anti-
CP or anti-p2a antibody was performed to detect the p2a or CP in the
co-immunoprecipitated products. Results are shown in Fig. 9. Expres-
sion of each protein and antibody speciﬁcity for respective protein is
evident from data shown in Fig. 9A. Consistent with the BiFC assay
(Fig. 8), both CP and p2a were co-precipitated with heterologous
antibodies (Fig. 9B and C). These results validate our BiFC assays
showing that CP speciﬁcally interacts with p2a. Furthermore, the fact
that the observed interaction between CP and p2a was not disrupted
by RNase A treatment suggest that no RNA was involved in CP and
p2a interaction. These results were consistently reproduced in three
independent CO-IP assays.
A previous study evaluating interactions between BMV proteins
by YTH failed to detect any interaction between replicase and CP
(O’Reilly et al., 1997). These authors concluded that the absence of
an interaction between replicase and CP in YTH does not necessa-
rily mean that the interaction does not occur, since such interac-
tions may require additional factors that are not duplicated in YTH.
Having proved the speciﬁcity and validity of the BiFC assay in
testing PPI in several plant and non-plant viral systems (Atanasiu
et al., 2010; Hemerka et al., 2009; Seo et al., 2012) in conjunction
with the results presented in this study, below we offer two major
mechanistic roles played by CP:p2a interaction in the regulation of
replication and genome packaging in BMV.
Molecular analysis of p1a and p2a revealed that unlike p2a
which is required in catalytic amounts (Rao and Hall, 1990),
sustained synthesis of p1a is obligatory (Kroner et al., 1990;
Rao and Hall, 1990). Membrane fraction studies performed with
BMV and the genetically related Cucumber mosaic virus (CMV)
revealed that p2a exists in two forms: one associated with p1a and
the other as a free form in the cytoplasm (Chen and Ahlquist,
2000; Seo et al., 2009). Furthermore, in BMV and CMV, although
p1a is functional only when co-assembled with p2a, p2a alone can
initiate the synthesis of (þ)-strand on a transiently expressed
()-strand template (Kwon and Rao, 2012; Seo et al., 2009). These
observations in conjunction with the fact that sites of RNA
Fig. 7. Self-interaction of p1a, p2 and CP fusion constructs. Agrocultures containing a binary plasmid of ER-mCherry and a pair of N- or C-terminal fusion constructs for p1a
or p2a or CP were inﬁltrated into N. benthamiana plants and visualized for YFP signal by confocal microscopy. Summary of self-interactions (top panels) and representative
confocal images showing self-interaction between a bona ﬁde interacting partners (bottom panels) of (A) p1a, (B) p2a and (C) CP. Confocal microscopy was performed as
described under Fig. 3 legend. The presence or absence of yellow ﬂuorescence is indicated by “þ” and ““ symbols, respectively. Bar, 50 μm.
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synthesis and CP overlap (Bamunusinghe et al., 2011), it is reason-
able to assume that (þ)-synthesis occurs in the cytoplasm.
Although RNA replication in BMV is entirely catalyzed by p1a:
p2a complex (Kao and Ahlquist, 1992), CP has been shown to have
a profound inﬂuence on BMV replication, speciﬁcally in up
regulating (þ)-strand synthesis. For example, experiments per-
formed in the early 1990s in studying the effect of B3 on BMV
progeny accumulation showed that the ratio of (þ):()-strand
progeny in the absence of B3 was 1:1 compared to 1:100 in its
presence (Marsh et al., 1991). However, a more recent study
revealed that CP could regulate BMV RNA accumulation in a
concentration dependent manner by binding to Box B located in
the 5ʹend of B2 (Yi et al., 2009a, 2009b). Integration of these
past results into those obtained in the current study provides a
mechanistic role played by CP:p2a interaction in the up-regulation
of (þ)-strand synthesis in BMV.
Genome packaging in BMV and other (þ)-strand RNA viruses is
functionally coupled to replication (Rao, 2006). Replication-
independent expression of BMV CP resulted in the assembly of
polymorphic virions packaging cellular RNA in addition to non-
replicating viral RNAs, and complementation with viral replicase
signiﬁcantly enhanced packaging speciﬁcity (Annamalai and
Rao, 2005). However, experiments performed with chimeric
RNAs between BMV and FHV engineered to express CP using a
heterologous replication system (i.e. B1þB2þB3/FHV-CP; F1þF2/
BMV-CP) exhibited non-speciﬁc packaging phenotypes and com-
plementation with homologous replicase (with respect to CP)
failed to enhance packaging speciﬁcity, suggesting that transcrip-
tion of CP mRNA from homologous replication machinery and its
translation must be synchronized (Annamalai et al., 2008). From
these observations it was hypothesized that an interaction with
replicase renders the CP more speciﬁc in packaging viral progeny
RNA (Annamalai et al., 2008; Rao, 2006). Dissecting the compo-
nents of BMV replicase interacting with CP, this study has
identiﬁed that p2a, but not p1a, exclusively interacts with CP.
Sub-cellular co-localization of replication and CP (Bamunusinghe
et al., 2011) and exclusive involvement of p2a in the (þ)-strand
synthesis (Kwon and Rao, 2012; Seo et al., 2009) collectively justify
Fig. 8. Interaction of CP with either p1a or p2a. Agrocultures containing a binary plasmid of ER-mCherry and binary constructs N or C terminal fusion proteins of CP were mixed with
similar constructs of p1a or p2a and co-inﬁltrated into N. benthamiana plants. Summary of interactions between (A) p1a and CP and (B) p2a and CP are shown. The presence or absence
of yellow ﬂuorescence is indicated by “þ” and ““ symbols, respectively. (C and D) Representative confocal images showing the interactions between (C) either p1a and CP or (D) p2a
and CP. Confocal microscopy with a speciﬁc laser/ﬁlter combination to detect DAPI (excitation at 345 nm), YFP (excitation at 514 nm), and mCherry (excitation at 587 nm) was used.
Bar, 50 μm. (E) 3-D surface intensity plot images for the indicated samples are prepared as described under Fig. 4C legend. (F) Co-localization of YFP and mCherry for the two pairs of
bona ﬁde interacting ﬂuorescent protein partners of p2a and CP was quantitated as described under Fig. 5 legend.
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the p2a:CP interaction observed in this study. In conclusion our
data provide the ﬁrst convincing evidence for the existence of a
physical interaction between BMV CP and p2a. Further work is
needed not only to identify the interacting domains of p2a and CP
but also to test whether additional host proteins are required to
promote CP:p2a interaction.
Materials and methods
Construction of YFP fusion proteins for ectopic expression
Agrobacterium-based binary vectors PZPc-nYFP, PZPc-cYFP,
PZPn-nYFP, or PZPn-cYFP for BiFC assay in N. benthamiana plants
were constructed as previously described (Seo et al., 2012). BMV
ORFs p1a, p2a or CP were ampliﬁed by PCR using sequence speciﬁc
primers and Vent Polymerase (Sigma). The resulting PCR products
were inserted into PZPc-nYFP, PZPc-cYFP, PZPn-nYFP or PZPn-cYFP
utilizing StuI and SpeI sites (Fig. 2). The orientation of each insert
was conﬁrmed by sequencing.
Mechanical inoculation, agroinﬁltration and confocal microscopy
For mechanical inoculation, N. benthamiana plants were dusted
with Carborundum and puriﬁed virions of BMV (1 mg/ml) were
mechanically spread on the leaf followed by washing of the excess
inoculum with water. For agroinﬁltration, after transformation of
N- or C-terminal YFP fusion constructs of p1a, p2a or CP was
transformed into Agrobacterium strain GV3101. Similar agrotrans-
formation was performed with a binary vector harboring ER
organelle ﬂuorescently labeled with mCherry (ER-mCherry;
obtained from Dr. Andreas Nebenfuhr) (Nelson et al., 2007).
Agrocultures (OD 0.5600) containing single or pairwise combina-
tions of each YFP fusion construct were inﬁltrated into the abaxial
side of N. benthamiana leaves as described previously (Chaturvedi et
al., 2012). At 3 dpi (days post inﬁltration), leaves were stained with
DAPI (5 μg/ml; Sigma, USA), and epidermal cells of agroinﬁltrated
leaves were observed for emission of ﬂuorescence using a Leica SP2
confocal microscope equipped with a speciﬁc laser/ﬁlter combina-
tion to detect DAPI (excitation at 345 nm), YFP (excitation at
514 nm), and mCherry (excitation at 587 nm).
Image analysis
Yellow ﬂuorescence in test samples and background ﬂuores-
cence in control samples captured by a Leica TCS SP2 microscope
were further processed using NIH ImageJ software (Schneider
et al., 2012). Mean of three measurements of yellow ﬂuorescence
was taken and subtracted from the background ﬂuorescence in the
negative control. Surface plot for confocal images was created by
using Interactive three-dimensional (3D) Surface Plot plugin
(v2.33) software developed for ImageJ (Collins, 2007). Quantiﬁca-
tion of co-localization of YFP (from reconstituted N and C terminus
of YFP) and mCherry (ER localization signal) was analyzed
with the co-localization function of Huygen Professional software
(8.5.9) from SVI (Scientiﬁc Volume Imaging), where graphical
representation of the Pearson correlation coefﬁcient values
between YFP signals with corresponding ER-mCherry was repre-
sented graphically (Dupuis et al., 2007). Absolute threshold was
set to 1 for both YFP and mCherry.
Western blot analysis
Bona ﬁde pair of interacting partners of p1a and p2a was mixed
with a biologically agroconstruct harboring full-length B3
(Annamalai and Rao, 2005) transformed into Agrobacterium GV3101
and inﬁltrated to N. benthamiana leaves. At 4 dpi, inﬁltrated leaves
were ground using liquid nitrogen, and homogenized with 3 volumes
of protein extraction buffer (50 mM Tris–HCl [pH 8.0], 150 mM NaCl,
0.5% Triton x-100, 0.2% 2-mercaptoethanol, 5% glycerol, proteinase
inhibitor cocktail [Sigma, USA]). Samples were then centrifuged at
12,000 rpm for 10 min at 4 1C and the supernatant was recovered as
total protein. Total protein samples of wt BMV (4 μg) and test
samples (20 μg) were resolved on 12% SDS-PAGE, and CP was
detected using anti-CP antibody (Annamalai and Rao, 2005).
Co-immunoprecipitation assays
Total proteins were extracted from healthy and agroinﬁltrated
N. benthamiana plants as described previously (Fujioka et al., 2007;
Seo et al., 2012). Brieﬂy, after grinding the healthy or agroinﬁl-
trated leaf material in liquid nitrogen with 3 volumes of protein
extraction buffer (50 mM Tris–HCl [pH 8.0], 150 mM NaCl, 0.5%
Triton X-100, 0.2% 2-mercaptoethanol, 5% glycerol, proteinase
inhibitor cocktail [Sigma, USA]), cell debris was removed by
centrifugation at 18,000g for 20 min at 4 1C. The resulting super-
natant was incubated with either anti-protein p1a or p2a antibody
at 1:100 dilution for 4 h at 4 1C. A 30 μl aliquot of anti-rabbit
agarose beads (Sigma, USA) was added to each tube, followed by
incubation for 2 h at room temperature. The immune-complexes
were then precipitated by centrifugation for 1 min at 10,000g and
washed three times in 1 ml of PBS buffer. The precipitated proteins
were then treated with RNase A (50 μg/ml) for 2 h at 25 1C and
eluted from the beads by boiling in SDS-PAGE sample buffer for
3 min. Equal volumes of protein samples were subjected SDS-
PAGE, followed by immunoblot analysis with anti-CP antibody.
Fig. 9. Co-immunoprecipiation (Co-IP) assay. (A) Expression of p2a and CP in RNase
A treated total protein extracts recovered from the indicated experimental samples
was conﬁrmed by Western blotting with anti-p2a and anti-CP antibodies, respec-
tively. Total protein extracts from healthy (mock) or leaves inﬁltrated with a
mixture containing all three BMV genomic RNA binary constructs (wt) served as
controls. (B and C). Co-IP assay. Agrocultures containing two pairs of bona ﬁde
interacting partners of p2a and CP (p2acYFPþnYFP-CP and cYFP-p2aþnYFP-CP)
were co-inﬁltrated into N. benthamiana. Total protein extracts of each sample were
incubated with either anti-p2a or anti-CP antibodies, treated with RNase A and the
complex was precipitated with anti-rabbit agarose beads. The ﬁnal products were
subjected to Western blotting using anti-p2a and anti-CP antibodies.
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